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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D-76 

DUCTILE CERAMICS 

I1 - INTRODUCTORY STUDY OF DUCTILITY I N  POLYCRYSTALLINE SODIUM 

C W 3 R I D E  AND MAGNESIUM OXIDE 

By Charles  E .  May, Hubert H. Grimes, and Robert A .  Lad 

SUMMARY 

Methods f o r  producing d u c t i l e  po lyc rys t a l l i ne  ceramic-type materials 
were inves t iga t ed .  Various types of t reatments  were used f o r  sodium 
ch lo r ide ;  t hese  can be  divided i n t o  three  c a t e g o r i e s :  su r f ace  t rea tments  
of the c r y s t a l l i t e s  , sur face  ireaiments of t h e  compacted specimens, and 
bulk  t r ea tmen t s .  The most e f f e c t i v e  method f o r  producing d u c t i l i t y  w a s  
t o  depos i t  a s m a l l  a u a n t i t y  of s i l v e r  on t h e  ind iv idua l  c r y s t a l l i t e s  by  
vapor depos i t i on .  The s i l v e r  apparent ly  a c t s  as a s p e c i f i c  sur face-  
a c t i v e  agen t .  A t reatment  us ing  s t e a r i c  a c i d  w a s  a l s o  success fu l  i n  pro- 
ducing d u c t i l i t y ,  b u t  it w a s  no t  as e f f e c t i v e  as t h a t  u s ing  s i l v e r .  

Thus far,  no d u c t i l i t y  has been produced i n  p o l y c r y s t a l l i n e  magne- 
sium oxide,  s i n c e  t h e  r equ i r ed  s i n t e r i n g  causes  loss of t h e  d e s i r e d  me- 
t a l l i c  d e p o s i t s .  

INTRGDUCTION 

Ceramic materials have been considered f o r  use i n  high-temperature 
s t r u c t u r a l  a p p l i c a t i o n s  i n  a i r  and space c r a f t .  The g r e a t e s t  disadvan- 
t age  of ceramics i s  t h e  extreme b r i t t l e n e s s  which i n  t h e  p a s t  w a s  be- 
l i e v e d  t o  be an i n t r i n s i c  proper ty  of these  ion ic  substances.  Recently,  
it has been shown t h a t  s i n g l e  c r y s t a l s  of i on ic  substances such as mag- 
nesium oxide,  l i t h i u m  f l u o r i d e ,  and sodium ch lo r ide  can be made t o  ex- 
h i b i t  cons iderable  d u c t i l i t y  i n  bending t e s t s  a t  room temperature ( r e f s .  
1 t o  4 ) .  
t a n t  bea r ing  on t h e  d u c t i l i t y  of a sample. 
c r y s t a l l i n e  ceramics might a l s o  be made t o  e x h i b i t  d u c t i l i t y  if t h e  spec- 
imen su r faces  were proper ly  t r e a t e d .  Since more is known about t h e  duc- 
t i l i t y  of  sodium ch lo r ide  than  o t h e r  s ing le  c r y s t a l s ,  sodium ch lo r ide  w a s  
t h e  f i r s t  p o l y c r y s t a l l i n e  ma te r i a l  inves t iga ted  a t  t h e  Lewis Research 
Center .  

The condi t ion  of t h e  c r y s t a l  su r f aces  has an extremely impor- 
It  w a s  reasoned t h a t  poly- 

This r e p o r t  descr ibes  two t reatments  which were success fu l  ( a  
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s i l v e r  deposi t  and s t e a r i c  a c i d  coa t ing)  and many which were , unsuccessfu l  
i n  producing d u c t i l i t y .  - 

D i f f i c u l t i e s  a r i s e  i n  a t tempts  t o  apply  some of t h e  t rea tments  used 
on sodium ch lo r ide  t o  a t r u e  ceramic ma te r i a l  such as magnesium oxide.  
Sodium chlor ide has t h e  d e s i r a b l e  p rope r ty  of s i n t e r i n g  a t  room tempera- 
t u r e  during p res s ing .  This i s  not  t r u e  of magnesium oxide,  for which 
s i n t e r i n g  a t  high temperature  i s  r equ i r ed  ( r e f .  5 ) .  Under these  temper- 
a t u r e  condi t ions su r face  depos i t s  such as s t e a r i c  a c i d  and s i l v e r  should 
be ,  r e spec t ive ly ,  thermal ly  decomposed and v o l a t i l i z e d .  However, a coa t -  
i ng  might s t i l l  be e f f e c t i v e  i n  producing d u c t i l i t y  if it induces t h e  ef-  
f e c t  during t h e  p re s s ing  process  and does not  have t o  be p re sen t  dur ing  
t h e  ac tua l  bending t e s t .  With t h i s  i n  mind, a few in t roduc to ry  expe r i -  
ments were performed on magnesium oxide .  

The work w i t h  sodium ch lo r ide  is  descr ibed  i n  t h e  f i r s t  two sec-  
t i o n s ;  these a r e  fol lowed by a d e s c r i p t i o n  of t h e  work on magnesium 
oxide.  

EXPERIMENTAL PROCEDURE FOR POLYCRYSTALLINE SODIUM CHLORIDE 

The p o l y c r y s t a l l i n e  specimens were formed by compacting powdered so- 
dium chlor ide prepared from Harshaw melt-grown s i n g l e  c r y s t a l s .  The sa l t  
w a s  ba l l -mi l l ed  t o  pass  a 325-mesh screen .  The compact w a s  made by  p lac-  h 

ing  about 10 grams of t h e  powder i n  5/8-inch intravenous tub ing  (which 
i n  t u r n  w a s  p laced  i n  3/4-in. intravenous tub ing)  and applying hydraul ic  
pressure  (50,000 lb/sq i n . ) .  
(0.125 by 0 . 2 5  by 1 . 6  i n . ) .  

Specimens were c u t  and ground t o  s i z e  

The specimens were then  t e s t e d  i n  f l e x u r e  us ing  t h e  four -poin t -  
loading  j i g  shown i n  f i g u r e  1. 
t i o n  r a t e  of 0.01 inch p e r  minute i n  an  I n s t r o n  t e n s i l e  t e s t i n g  machine 
which recorded t h e  load  as a func t ion  of d e f l e c t i o n .  

The tes ts  were run a t  a cons tan t  de f l ec -  

The t rea tments  used can be  d iv ided  i n t o  t h r e e  major c a t e g o r i e s  as 
shown i n  t a b l e  I:  su r face  t rea tment  of t h e  c r y s t a l l i t e s  be fo re  compact- 
i ng  i n t o  specimens, su r f ace  t rea tment  of t h e  compacted specimens, and 
bu lk  treatment ( e i t h e r  of t h e  compacted o r  uncompacted m a t e r i a l ) .  The 
reason fo r  us ing  many of t h e  t rea tments  w a s ' t h a t  s i m i l a r  t rea tments  
proved t o  b e  success fu l  f o r  i nc reas ing  t h e  d u c t i l i t y  of s i n g l e - c r y s t a l  
sodium chlor ide  ( r e f .  1). 
an understanding of  t h e  mechanism f o r  t h e  success fu l  t rea tments .  

Other t rea tments  were used i n  o rde r  t o  ob ta in  

The f i rs t  type of s u r f a c e  t rea tment  used on t h e  c r y s t a l l i t e s  be fo re  
compacting w a s  a m e t a l  vapor depos i t i on .  The metal w a s  depos i ted  on t h e  
sodium chlor ide  powder i n  t h e  appara tus  shown schemat ica l ly  i n  f i g u r e  2 .  
The container  holding t h e  sodium ch lo r ide  c r y s t a l l i t e s  w a s  i n c l i n e d  a t  
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an angle  about 45O from t h e  v e r t i c a l  and w a s  r o t a t e d  about t h i s  45' axis.  
The r o t a t i o n  of t h e  con ta ine r ,  which was equipped wi th  f i n s  and a hammer 
mechanism t h a t  s t r u c k  t h e  conta iner  every qua r t e r  r o t a t i o n ,  tumbled t h e  
sodium ch lo r ide  s o  t h a t  new c r y s t a l  surfaces  were c o n s t a n t l y  exposed. 
Fine w i r e  of t h e  metal t o  be deposi ted ( e . g . ,  s i l v e r ,  gold,  copper) w a s  
wound on t h e  s p i r a l  of heavier  (20 m i l )  tungsten w i r e ,  which w a s  t hen  
hea ted  e l e c t r i c a l l y  i n  vacuum (0.1 t o  0.5 microns Hg). Metal t hus  evap- 
o ra t ed  w a s  condensed on t h e  su r faces  of t h e  sodium c h l o r i d e .  During t h e  
pe r iod  of vapor iza t ion  (about  4 h r )  the su r faces  of each c r y s t a l  were 
exposed t o  vapor iza t ion  of metal  on the average of 20 t imes .  The sample 
was then  compacted i n  t h e  manner descr ibed previous ly .  

The second type  of su r face  treatment of t h e  c r y s t a l l i t e s  be fo re  com- 
pac t ing  included s o l u t i o n  t rea tments  which e i t h e r  removed t h e  su r faces  
or depos i ted  a fo re ign  ma te r i a l  on the s u r f a c e s .  This w a s  accomplished 
(un le s s  otherwise s p e c i f i e d  i n  t a b l e  I) by  p l ac ing  t h e  uncompacted crys- 
t a l l i t e s  i n  t h e  s o l u t i o n ,  s t i r r i n g  f o r  3 t o  5 minutes,  and then  removing 

w a s  al lowed t o  evaporate .  The mater ia l  w a s  then  pressed  i n  t h e  usua l  
manner. 

t h e  l i y u i & .  The last t r a c e  of t hz  liqjis n n a c o n f  y L . - w b L A u  i n  t h e  sc?lFd mater ia l  

The t h i r d  type of t rea tment  w a s  the exc lus ion  of a i r  during b a l l -  
mi l l i ng ,  sc reening ,  and p res s ing  of the c r y s t a l l i t e s .  The opera t ions  
were c a r r i e d  out  i n  a helium atmosphere. 

S imi l a r  types of t rea tments  were performed on t h e  compacted spec i -  
mens. S i l v e r  w a s  vapor-deposited onto t h e  compression and t e n s i o n  s i d e s  
of t h e  specimen. For t h e  l i q u i d  t reatments  of t h e  compacted samples, 
t h e  specimens were merely submerged i n  t h e  l i q u i d  s e v e r a l  seconds and 
then  removed; t hey  were t e s t e d  while s t i l l  s l i g h t l y  wet. 

I n  t h e  category of bu lk  t reatments ,  two were t r i e d .  For the  f i r s t  
t rea tment ,  t h e  c r y s t a l l i t e s  were X-irradiated f o r  var ious  amounts of 
time whi le  be ing  r o t a t e d  i n  a l i g h t - t i g h t  conta iner  f i l l e d  wi th  a helium 
atmosphere. 
u s ing  a tungs ten  t a r g e t  wi th  t h e  sample 8 inches from t h e  t a r g e t .  The 
i r r a d i a t e d  powers and t h e  subsequently compacted specimens were s t o r e d  
i n  t h e  dark  before  t e s t i n g  t o  avoid  bleaching. The second bu lk  t rea tment  
w a s  an annea l ing  of t h e  compacted specimens i n  vacuum f o r  1 5  hours a t  
1000° F. 

The X-ray u n i t  w a s  run  at 50 k i l o v o l t s  and 30 milliamperes 

Var i a t ions  of t h e  t rea tments  l i s t e d  above a r e  noted i n  table I. I n  
gene ra l ,  dup l i ca t e  samples were t e s t ed .  Specimens of p a r t i c u l a r  i n t e r -  
e s t  were analyzed chemically f o r  t h e  substance which w a s  added t o  t h e  
su r faces  during t h e  p repa ra t ion  of t h e  samples. The th icknesses  of t h e  
su r face  depos i t s  were then  ca l cu la t ed  from t h e  ana lyses  and from t h e  
.g ra in  s i z e  of t h e  c r y s t a l l i t e s ,  assuming uniform p l a t i n g .  
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Two assumptions have been made i n  t h e s e  c a l c u l a t i o n s :  t h e  g r a i n  
s i z e  of powder pass ing  a 325-mesh screen  w a s  t aken  t o  be 40 microns,  and 
t h e  grains  were assumed t o  be pe r fec t  spheres .  Because of t h e s e  assump- 
t i o n s  i n  t h e  c a l c u l a t i o n s ,  t h e  average th icknesses  l i s t e d  i n  t a b l e  I may 
be t o o  l a rge  by a f a c t o r  of 10. 
depos i t s  of metal (of  t h e  o rde r  of  50 2 and less) do no t  produce a uni -  
form coating; some p a r t s  of t h e  su r face  do no t  become p l a t e d ,  whi le  
o t h e r s  obviously have d e p o s i t s  g r e a t e r  than  t h e  average th i ckness .  
Therefore, t h e  th icknesses  r epor t ed  i n  t a b l e  I a r e  nominal and are given 
f o r  t h e  purpose of comparison. 

Furthermore, vapor d e p o s i t i m  of t h i n  

DISCUSSION OF RESULTS FOR SODIUM CHLORIDE 

Typical curves  f o r  un t r ea t ed  specimens are shown i n  f i g u r e  3, where 
load  is  p l o t t e d  a g a i n s t  d e f l e c t i o n .  Each of t hese  curves e x h i b i t s  an  
i n i t i a l  nonl inear  ' ' foot" followed by a l i n e a r  reg ion  which te rmina tes  a t  
the  f r a c t u r e  p o i n t .  A c a l c u l a t e d  Hooke's l a w  curve i s  p l o t t e d  f o r  com- 
par i son  ( s e e  t h e  appendix for d e t a i l s  of computation);  t h e  publ i shed  
value,  4.OX1O1l dynes p e r  square cent imeter ,  w a s  used f o r  Young's modu- 
l u s  ( r e f .  6 ) .  There i s  f a i r  agreement between t h e  l i n e a r  s lopes  of t h e  
experimental  curves  f o r  po lyc rys t a l s  and t h e  s lope  of t h e  Hooke's l a w  
curve.  The i n i t i a l  " foot"  has  been i n t e r p r e t e d  t o  be due t o  a n e l a s t i c  
behavior  of t he  specimen ( r e f .  1). The f o o t  l eng th  f o r  an u n t r e a t e d  
s i n g l e  c r y s t a l  i s  similar t o  t h a t  f o r  a p o l y c r y s t a l  ( f i g .  3 ) .  
i n  t h e  region of t h e  curve fo l lowing  t h e  a n e l a s t i c  reg ion ,  behavior  of a 
po lyc rys t a l  d i f f e r s  from t h a t  of a s i n g l e  c r y s t a l .  S ing le  c r y s t a l s  of 
sodium chlor ide  always e x h i b i t  d u c t i l i t y  ( r e f .  l), while  u n t r e a t e d  poly- 
c r y s t a l l i n e  samples have never shown d u c t i l i t y .  

However, 

The ma jo r i ty  of t h e  t rea tments  descr ibed  i n  t h i s  r e p o r t  r e s u l t e d  i n  
no d u c t i l i t y  i n  bending t e s t s  ( t a b l e  I ) .  D u c t i l i t y  i n  t h i s  r e p o r t  i s  de- 
f i n e d  as dev ia t ion  from l i n e a r  (Hooke's l a w )  behavior  a t  reasonably  l a r g e  
loads .  
can t  d u c t i l i t y :  vapor depos i t i on  of s i l v e r  onto t h e  su r faces  of t h e  
c r y s t a l l i t e s  be fo re  compacting and s o l u t i o n  depos i t i on  of s t e a r i c  a c i d  
onto the  su r faces  of t h e  c r y s t a l l i t e s  be fo re  compacting. 

Only two types of t rea tments  were success fu l  i n  producing s i g n i f i -  

E f f e c t  of S i l v e r  Deposi ts  

The f i r s t  r e s u l t s  t o  be d iscussed  are those  of specimens wi th  s i l v e r  
deposi ted on t h e  uncompacted c r y s t a l l i t e s  of sodium c h l o r i d e .  This  
t rea tment  w a s  t r i e d  because a s i l v e r  depos i t  0 n . a  s i n g l e  c r y s t a l  produced 
a d e f i n i t e  i nc rease  i n  d u c t i l i t y .  I n  t h e  p o l y c r y s t a l l i n e  m a t e r i a l  it 
produced a similar e f f e c t  even a t  low loads ,  as can be seen i n  f i g u r e  4.  
The curves shown a r e  t h e  r e s u l t s  f o r  samples conta in ing  var ious  amounts 
of s i l v e r  on t h e  c r y s t a l l i n e  su r faces .  Since t h e  values  l i s t e d  on t h e  
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graph are t h e  nominal th icknesses  of depos i t s  around t h e  g r a i n s ,  t h e  av- 
erage th i ckness  between t h e  ad jacent  grains  i s  twice  t h i s  va lue .  A 2 1 
depos i t  w a s  no t  s u f f i c i e n t  t o  produce d u c t i l i t y ;  a 5 1 depos i t  d i d  pro- 
duce d u c t i l i t y ;  a 7 8 depos i t  produced even more, as ind ica t ed  by a 
g r e a t e r  dev ia t ion  from l i n e a r i t y .  A 1 2  2 depos i t  w a s  t h e  t h i c k e s t  l a y e r  
t r i e d ;  t h e s e  samples exh ib i t ed  about  four t i m e s  as much d e f l e c t i o n  as an 
un t r ea t ed  specimen. The a r e a  under each curve i s  r e l a t e d  t o  t h e  energy 
which is absorbed i n  bending t h e  ceramic material. The area under t h e  
1 2  8 curve is over t h r e e  t imes t h e  a rea  under t h e  curve f o r  an u n t r e a t e d  
sample. However, t he  rupture  of t h e  t r e a t e d  specimens occurred a t  lower 
loads  than  f o r  an un t r ea t ed  one, whereas f o r  s i n g l e  c r y s t a l s  t r ea tmen t s  
t h a t  increased  d u c t i l i t y  a l s o  increased s t r e n g t h .  

The d u c t i l e  po r t ion  of t h e s e  curves i s  preceded by  a f o o t  s i m i l a r  
t o  t h e  one p resen t  f o r  t h e  curve of t he  u n t r e a t e d  specimen. There i s  no 
s lope  on t h e  load -de f l ec t ion  curve of any of t h e  d u c t i l e  specimens which 
fs i n  agreement with  t h e  c o r r e c t  modulus f o r  sodium ch lo r ide :  t h i s  is  
s i m i l a r  t o  t h e  r e s u l t s  f o r  un t r ea t ed  s ing le  c r y s t a l s  of sodium ch lo r ide  
( r e f .  1). 

It w a s  be l i eved  t h a t  t h e  d u c t i l i t y  produced by  s i l v e r  might depend 
upon t h e  exposure t o  a i r  of t he  c r y s t a l l i t e  s u r f a c e s  immediately be fo re  
t h e  s i l v e r  w a s  depos i ted .  The specimens wi th  t h e  1 2  2 depos i t  of s i l v e r  
on t h e  c r y s t a l l i t e s  were samples f a b r i c a t e d  t o  determine t h i s  e f f e c t .  
The o r i g i n a l  s i n g l e  c r y s t a l  s tock  from which t h e s e  samples were made w a s  
ground under chloroform, t h e  chloroform w a s  evaporated i n  vacuum, and 
t h e  c r y s t a l l i t e s  (unscreened) were no t  exposed t o  a i r  u n t i l  after t h e  
s i l v e r  w a s  vapor-deposited upon t'nem. Such c r y s t a l l i t e s  might have t h e i r  
as -c leaved  su r faces  (wi th  no a i r  adsorbed) preserved  by t h e  c a t i n g  of 

f i t  t h e  gene ra l  p rogress ion  of d u c t i l i t y  w i th  th i ckness ,  it can be in-  
ferred t h a t  exc lus ion  of air d i d  n o t  have a l a r g e  e f f e c t  on d u c t i l i t y .  

s i l v e r .  However, from t h e  f a c t  t h a t  the specimens wit.h a 1 2  i! depos i t  

The samples f o r  which t h e  s i l v e r  was depos i ted  on t h e  su r faces  of 
t h e  compacted specimens showed no d u c t i l i t y .  This r e s u l t  i n d i c a t e s  t h a t  
t h e  s i l v e r  is not  working i n  a macroscopic mechanical manner so as t o  
prevent  t h e  o r i g i n a t i o n  of cracks on the t ens ion  s i d e  of t h e  t e s t  spec i -  
men. The e f f ec t iveness  of t h e  s i l v e r  is a s s o c i a t e d  wi th  t h e  ind iv idua l  
c r y s t a l l i t e s .  

Since s i l v e r  ch lo r ide  w a s  found i n  a d d i t i o n  t o  m e t a l l i c  s i l v e r  by  
chemical a n a l y s i s  of samples wi th  t h e  s i l v e r  depos i t  on t h e  ind iv idua l  
c r y s t a l l i t e s ,  t h e  p o s s i b i l i t y  e x i s t e d  t h a t  t h e  s i l v e r  ch lo r ide  might have 
been t h e  a c t i v e  agent  f o r  producing d u c t i l i t y .  However, specimens f o r  
which s i l v e r  ch lo r ide  w a s  vaporized onto t h e  ind iv idua l  c r y s t a l s  showed 
no d u c t i l i t y ;  t h i s  i n d i c a t e s  t h a t  s i l v e r  ch lo r ide  i s  no t  r e spons ib l e  
f o r  t h e  d u c t i l i t y .  
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No d u c t i l i t y  w a s  found f o r  specimens f o r  which metals similar t o  
s i l v e r  (copper and gold)  were vapor-p la ted  onto t h e  ind iv idua l  c r y s t a l -  
l i t e s .  The f a c t  t h a t  copper and gold are not  e f f e c t i v e  i n d i c a t e s  t h a t  
s i l v e r  i s  a very s p e c i f i c  agent .  Such s p e c i f i c i t y  i s  shown i n  ep i t axy  
experiments ( r e f .  7 )  which i n d i c a t e  t h a t  sodium ch lo r ide  o r i e n t s  more 
readily on s i l v e r  than  on e i t h e r  gold o r  copper even though t h e  d i f f e r -  
ences  between t h e  l a t t i c e  parameters of s i l v e r ,  go ld ,  and copper a r e  
q u i t e  small .  

Although metals  similar t o  s i l v e r  were unsuccessfu l  i n  producing 
d u c t i l i t y ,  t h e r e  i s  t h e  p o s s i b i l i t y  t h a t  o t h e r  metals might produce t h e  
des i r ed  e f f e c t .  The only  two o t h e r s  t r i e d  were magnesium and chromium; 
they  were unsuccessfu l .  

It was f i r s t  be l i eved  t h a t ,  if t h e  s i l v e r  w a s  a su r face -ac t ive  ma-  
t e r i a l ,  a composite depos i t ,  i n  which t h e  s i l v e r  w a s  p l a t e d  f i rs t  and 
t h e  copper second, would produce a m a t e r i a l  which would a l s o  be d u c t i l e .  
However, a composite depos i t  wi th  t h e  p l a t i n g  i n  t h e  r eve r se  order  should 
no t  produce a d u c t i l e  material. Both types of composites were t r i e d  and 
found t o  be  unsuccessfu l  i n  producing d u c t i l i t y .  

The most u se fu l  way t o  i n t e r p r e t  t h e  e f f e c t i v e n e s s  of s i l v e r  i n  pro- 
ducing d u c t i l i t y  i n  sodium ch lo r ide  i s  t o  cons ider  t h e  s i l v e r  t o  be a 
very  s p e c i f i c  su r face -ac t ive  agent .  The dependence of d u c t i l i t y  on t h e  
th ickness  of t h e  depos i t  i s  i n t e r p r e t e d  as be ing  due t o  incomplete cover- 
age of t h e  c r y s t a l l i t e s  w i th  s m a l l  t h i cknesses  of s i l v e r .  The r e s u l t s  
w i t h  specimens having composite vapor p l a t i n g s  may then  be i n t e r p r e t e d  
t o  be due t o  contamination of t h e  c r y s t a l l i t e  su r f aces  wi th  copper,  s i n c e  
such contamination could occur r ega rd le s s  of t h e  o rde r  of a p p l i c a t i o n  of 
t h e  vapor p l a t e s .  

E f f e c t  of S t e a r i c  Acid 

Specimens f o r  which t h e  c r y s t a l l i t e s  were coa ted  w i t h  s t e a r i c  a c i d  
w e r e  found t o  e x h i b i t  d u c t i l i t y ,  as shown I n  f i g u r e  5. The curves shown 
i n  t h i s  f i g u r e  a r e  much l i k e  those  f o r  t h e  specimens wi th  s i l v e r  depos i t s ;  
each has a s m a l l  f o o t ,  no p o r t i o n  of t h e  curve has t h e  s lope  correspond- 
ing  t o  the  c o r r e c t  modulus, and t h e  maximum s t r a i n  i s  s e v e r a l  times t h a t  
f o r  an un t r ea t ed  specimen. The load  a t  r u p t u r e  is lowered and t h e  a r e a  
under the  curve i s  s e v e r a l  t i m e s  t h a t  f o r  an  u n t r e a t e d  specimen. Also, 
t h e  d u c t i l i t y  depends on t h e  th i ckness  of t h e  l a y e r ,  s i n c e  a 0.2-micron 
l a y e r  produces very l i t t l e  d u c t i l i t y  compared wi th  a 0.5-micron l a y e r .  
However, t he  th i ckness  of s t e a r i c  a c i d  r e q u i r e d  f o r  a reasonable  amount 
of d u c t i l i t y  exceeds t h e  th i ckness  of s i l v e r  r equ i r ed  f o r  similar d u c t i l -  
i t y  by a f a c t o r  of about  500. Because of t h e  t h i c k  l a y e r  of s t e a r i c  a c i d  
requi red ,  t h e  d u c t i l i t y  produced can be i n t e r p r e t e d  as be ing  due t o  t h e  
s t e a r i c  a c i d  a c t i n g  as a l u b r i c a n t  i n  t h e  g r a i n  boundar ies .  The th ickness  
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of s i l v e r  r equ i r ed  f o r  s i m i l a r  d u c t i l i t y  i s  s o  s m a l l  t h a t  t h e  d u c t i l i t y  
produced by s i l v e r  i s  not  e a s i l y  accounted f o r  by such a hypothesis ;  t h e  
ine f f ec t iveness  of gold and copper a l s o  make such a hypothes is  u n s a t i s -  
f a c t o r y  f o r  t h e  case of s i l v e r .  

I n  t h e  case  of a s t e a r i c  a c i d ,  t w o  s l i g h t l y  d i f f e r e n t  methods of 
a p p l i c a t i o n  were used, as is noted i n  t ab le  I .  Any v a r i a t i o n  of t h e  
load -de f l ec t ion  curves between t h e  two methods of a p p l i c a t i o n  is  probably 
due t o  t h e  r e l a t i v e  e f f e c t i v e n e s s  i n  d ispers ing  t h e  s t e a r i c  a c i d  through- 
out  t h e  sodium ch lo r ide  powder. L i t t l e  o r  no d u c t i l i t y  w a s  observed i n  
t h e  compacted and c u t  specimen of sodium c h l o r i d e  t o  which t h e  s t e a r i c  
a c i d  was app l i ed .  

Ine f fec t iveness  of Other Treatments 

Other coa t ings .  - Severa l  inorganic materials were depos i ted  on t h e  
su r faces  of t h e  C r y s t a l l i t e s  : 
conta in ing  Ca(N03);: showed a small amount of d u c t i l i t y  a t  high loads 
( f i g .  6 ) .  
t o  t h e  compacted specimens. 
and c u t t i n g  t o  s i z e )  by a submersion i n  o i l  o r  by spraying  wi th  Krylon. 
Nei ther  of t hese  t rea tments  produced d u c t i l i t y .  

C a i O h ' )  2 ,  CuCi, aid C'a(?Es) 2 .  The sample 

The o the r  ma te r i a l s  were not e f f e c t i v e  i n  impart ing d u c t i l i t y  
Other samples  were coa ted  ( a f t e r  p re s s ing  

Removal of m a t e r i a l  from t h e  sur face .  - It has been r epor t ed  t h a t  
water-pol ished s i n g l e  c r y s t a l s  of sodium c h l o r i d e  e x h i b i t  more d u c t i l i t y  
than c r y s t a l s  which have not  been water-pol ished.  This  is supposedly 
due t o  t h e  removal of su r f ace  reg ions  of  sodium ch lo r ide  which have a 
high concent ra t ion  of d i s l o c a t i o n s .  Po lyc rys t a l l i ne  sodium ch lo r ide  w a s  
t r e z t e d  i n  a similar manner; before  the powder w a s  p re s sed  it w a s  washed 
with a n e a r l y  s a t u r a t e d  s o l u t i o n  of sodium c h l o r i d e  ( t o  prevent  t he  whole 
sample from going i n t o  s o l u t i o n ) .  
t h e  uncompacted powder were some using methyl a l coho l  and some us ing  
chloroform. None of t h e  specimens prepared from any of t h e  su r face -  
t r e a t e d  c r y s t a l l i t e s  showed d u c t i l i t y .  It must be mentioned t h a t ,  a l -  
though t h e  po l i sh ing  may remove regions of h igh  d i s l o c a t i o n  concentra- 
t i o n  from t h e  uncompacted powder, t h e  p re s s ing  process  i t s e l f  wi th  t h e  
accompanying rup tu r ing  of g ra ins  would cause t h e  formation of new reg ions  
of  h igh  d i s l o c a t i o n  concent ra t ion .  

Other p o l i s h i n g  t rea tments  t r i e d  on 

Compacted specimens were a l s o  surface-polished, one wi th  a l coho l  
and one wi th  water .  No d u c t i l i t y  w a s  found i n  t h e  a lcohol -pol i shed  spec- 
imen. The s l i g h t  d u c t i l i t y  f o r  t h e  water-polished specimen ( f i g .  6) i s  
i n t e r p r e t e d  as being due t o  t h e  pene t r a t ion  of  t h e  water along t h e  g r a i n  
boundaries;  t h e  water perhaps a c t s  as a l u b r i c a n t .  

L 

Grinding i n  helium. - The e f f e c t  of var ious  atmospheres upon t h e  
d d u c t i l i t y  of s i n g l e  c r y s t a l s  of sodium c h l o r i d e  i s  no t  known with 
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c e r t a i n t y .  Resul t s  i n  t h e  l i t e r a t u r e ,  however, seem t o  i n d i c a t e  t h a t  
a i r  tends t o  decrease d u c t i l i t y  ( r e f .  3 ) .  
whose powders were ground, screened,  s t o r e d ,  and pressed  i n  helium 
showed no d u c t i l i t y .  

The r e s u l t s  f o r  specimens 

Bulk t r ea tmen t s .  - It w a s  hoped t h a t  an  annea l ing  of compacted spec- 
imens of sodium ch lo r ide  might decrease t h e  high d i s l o c a t i o n  reg ions  of 
t h e  c r y s t a l l i t e s .  
specimens d i d  not  possess  any d u c t i l i t y .  Other annealed samples, t h e  

Thus, a h e a t  t rea tment  w a s  t r i e d ,  b u t  t h e  r e s u l t a n t  

c r y s t a l l i t e s  of which were t r e a t e d  wi th  var ious  salt  s o l u t i o n s  p r i o r  t o  Fl 
pressing,  were l i kewise  no t  d u c t i l e .  m tP 

-1 

Another type  of bu lk  t rea tment  used w a s  X- i r r ad ia t ion .  It has been 
repor ted  t h a t  such a t rea tment  i nc reases  t h e  l eng th  of t h e  "foot"  of t h e  
load-def lec t ion  curve f o r  s i n g l e  c r y s t a l s  ( r e f .  1). I n  one of t h e  20- 
hour i r r a d i a t e d  p o l y c r y s t a l s ,  such a long f o o t  w a s  found ( s e e  f i g .  7 ) .  
There was no genera l  enhancement of d u c t i l i t y .  

EXPERIMENTAL DETAILS AND DISCUSSION FOR MAGNESIUM OXIDE 

I n  genera l ,  specimens were f a b r i c a t e d  and t e s t e d  i n  t h e  same manner 
as w a s  t h e  sodium c h l o r i d e .  The magnesium oxide used w a s  F i s h e r  Scien- 
t i f i c  a n a l y t i c a l  reagent  grade wi th  a p a r t i c l e  s i z e  of about 0 . 7  micron. 
After  hydraul ic  p r e s s i n g  of t h e  m a t e r i a l  and exposure t o  a i r  f o r  about 
3 hours,  t h e  samples would e x h i b i t  delayed cracking  without  t h e  appl ica-  
t i o n  of any e x t e r n a l  f o r c e ;  uncracked specimens could be c u t  from u n f i r e d  
compacts if t h e  compacts were s t o r e d  out  of con tac t  wi th  a i r  f o r  a mini- 
mum of 3 weeks. The d e n s i t y  of t h e  specimens w a s  never over 60 pe rcen t  
of t h e  t h e o r e t i c a l  va lue .  The "green" s t r e n g t h  w a s  much g r e a t e r  than  ex- 
pec ted .  F igure  8 g ives  t h e  load -de f l ec t ion  curves of such specimens 
a f t e r  a h e a t  t rea tment  of 1000° F f o r  10 hours i n  vacuum; n e a r l y  s t r a i g h t -  
l i n e  r e l a t i o n s  e x i s t  between load  and d e f l e c t i o n .  The s lopes  of t h e  
curves increase  wi th  inc reas ing  hydraul ic  p re s su re .  None of t h e  samples 
t e s t e d  exhib i ted  t h e  accepted  Youngls modulus, t h e  experimental  values  
be ing  much too  low. Other u n f i r e d  samples were prepared from 40-micron- 
p a r t i c l e - s i z e  material;  t h e  "green" s t r e n g t h  of such m a t e r i a l  w a s  s o  poor 
t h a t  the samples broke be fo re  specimens could be f a b r i c a t e d  from them. 
NO f u r t h e r  work w a s  done wi th  40-micron m a t e r i a l .  

O f  course,  i n  o rde r  t o  ob ta in  a material which had t h e  p r o p e r t i e s  
of a magnesium oxide ceramic,  t h e  compacts had t o  be f i r e d .  The curve 
marked "untreated" i n  f i g u r e  3 gives  t h e  r e s u l t s  f o r  a specimen f i r e d  a t  
2250' F for 10 hours i n  an  argon atmosphere. The e n t i r e  l oad -de f l ec t ion  
curve i s  noc l inea r  and i s  concave upward; t h e  s lope  near  t h e  f r a c t u r e  
p o i n t  i s  very  c lose  t o  t h e  slop? pred ic t ed  from t h e  publ i shed  modulus 
(24.9x1011 dynes/sq em, r e f .  6 ) .  
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The o the r  curves i n  f i g u r e  9 a r e  f o r  samples prepared from powders 
which contained vapor-deposited metal. 
50,000 pounds p e r  square inch and f i r e d  under t h e  same condi t ions  as t h e  
un t r ea t ed  specimen. A l l  t h e  curves a re  non l inea r .  The r e s u l t s  i n  f i g -  
u re  9 are of a pre l iminary  na tu re ,  and more experiments are needed be- 
f o r e  any conclusions may be  drawn regarding t h e  r e l a t i v e  magnitude of 
t h e  e f f e c t s  wi th  var ious  coa t ings .  The chemical ana lyses  of t h e  mater i -  
als before  and a f t e r  f i r i n g  a r e  l i s t e d  i n  t a b l e  11. The s i l v e r  and mag- 
nesium were l o s t  during f i r i n g ,  while t h e  n i c k e l  remained. However, it 
is f a i r l y  c e r t a i n  t h a t  t h e  n i c k e l  remaining a f t e r  f i r i n g  w a s  a l t e r e d  i n  
cha rac t e r ,  as ind ica t ed  by t h e  disappearance of t h e  co lo r  due t o  t h e  
n i c k e l .  

These powders were pressed  a t  

CONCLUSIONS 

It is  poss ib l e  t o  produce po lyc rys t a l l i ne  sodium ch lo r ide  bodies  
which possess  a s m a l l  degree v i  d u c i l l l t y .  F G i -  such materials t h c  t== 
t a l  s t r a i n  can be t h r e e  t o  f o u r  times t h e  e l a s t i c  s t r a i n .  The d u c t i l i t y  
produced thus  far  i n  p o l y c r y s t a l l i n e  sodium ch lo r ide  has always been ac-  
companied by a decrease i n  t e n s i l e  s t r eng th .  
f o r  producing t h i s  d u c t i l i t y  t o  da t e  is  vapor depos i t i on  of a s m a l l  
amount of s i l v e r  on each g ra in  of mater ia l  be fo re  compacting. The s i l v e r  
appears  t o  a c t  as a su r face -ac t ive  agent on t h e  ind iv idua l  c r y s t a l l i t e s .  
Another method f o r  producing d u c t i l i t y  i s  coa t ing  each g r a i n  before  com- 
pac t ing  wi th  a micron l a y e r  of s t e a r i c  a c i d .  
a c t s  merely as a l u b r i c a n t .  

The most e f f e c t i v e  method 

The s t e a r i c  a c i d  perhaps 

Meta l l i c  depos i t s  of t h e  type  which has been success fu l  i n  produc- 
ing c i u c t i l i t y  i n  p o l y c r y s t a l l i n e  sodium ch lo r ide  have been used on Sam- 
p i e s  of magnesium oxide before pessii ig;  howevzr, such m e t a l l i c  depos i t s  
are destroyed by t h e  s i n t e r i n g  process r equ i r ed  t o  produce a ceramic body 
of t h e  magnesium oxide.  

L e w i s  Research Center 
Nat iona l  Aeronautics and Space Administration 

Cleveland, Ohio, June 25 ,  1959 
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APPENDIX - TIlE EQUATION FOR TRE SLOPE 

OF T€lE LOAD-DEFUCTION CURVES 

The s lope  S of t h e  Hooke's l a w  l oad -de f l ec t ion  curve ( f i g .  3) w a s  
ca l cu la t ed  from t h e  fo l lowing  equat ion:  

w 
-1 where L is t h e  load ,  D i s  t h e  d e f l e c t i o n  of t h e  loading  p o i n t s ,  Y i s  

Young's modulus, and b,  e ,  h, and 2 are def ined  i n  f i g u r e  1. This 
formula is app l i cab le  t o  t h e  fou r -po in t  bending of beams wi th  r ec t angu la r  
c ros s  sec t ions .  

The s lope  equat ion  can r e a d i l y  be der ived  from gene ra l  equat ions  i n  
any textbook on t h e  s u b j e c t  ( r e f .  8,  p .  92, eq.  ( 5 8 ) ,  and p .  159, t h i r d  
e s .1 .  
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evapor.,t,t .d 

' t , h e r  s o l u t i o n  uscd ;  l i q u l d  c * - n t r i  

, c ~ , t o n e  s o l u t i o n  used ;  l i q u t d  c r n -  

i l c o h o l  s o l u t i o n  of CuCl2 u s e d ;  
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t r i f u g c d  ofl '  

l i q u i d  cixntr i fug, ,d  ot 'f; r educed  
t o  CuCl I n  1/2 atm H2 f o r  4 i i r  
a t  1000° F 

I;Gl po,vdpr p l aced  i n  saturated 
N a C l  s o l u t i o n  of  CaC12; l i q u i d  
c i r i t r i f u g e d  o f f ;  po*der  t h e r i  
p l a c e d  i n  s a tu r ' i t ed  NaCl s o l u t i c  
o f  NaOH; l i q u i d  c c n t r i f u g p d  off 

'odder  d a t e r - p o l l s h e d  in s a t u r a t e d  
NaCl s o l u t i o n ;  l i q u i d  cuntr ' i t 'ugr~ 
O f f  

Ic,thyl a l c o h o l  po l l s t : ;  l i q u i d  CCII- 
tri fuged  of1' 

: t i l o r o f o m  p o l l s h ;  l i q u i d  i v a p o r . i t  
1 ; i C l  <rou~!,l ,  scrPr'ned, s t o r e d ,  and 

p r e s s e d  I n  he l ium 
~~ ~ ~~~~~ 

1,ipor d e p o s i t l o n  on t e n s i o n  and 
compress ion  s i d e s  

i p ~ c l m e n  p l a c c d  in e t t i c r  s o l u t i o n  
of m a t e r i a l  s r v e r a l  s econds  and 
removed 

ipecimian p l a c i d  i n  oil s e v e r a l  Sec 
onds arid rer ,oved 

iprcimcn sp rayed  wi th  Krylon 
;pecip.cn p l a c i d  in 'hater s r v e r n l  

i p c c i m i n  p l a c e d  i n  a l c o h o l  s e v e r a l  
seconds and  removed 

seconds  and removed 

:omparted specimen i n  vacuum a t  

'retrv:itrni n t  d c s c r i b e d  f o r  
ioooo F f o r  15 h r  

C a ( O l l ) 2  above;  compacted s p r c i -  
n e n  I n  vi~culrn a t  1000~ F l o r  
15 t i r  

: - i r r a d i a t c d  5 and 20 h r  in t r l i u n  
X - r a y  u n i t  at 50 k v  Irld 50 ,:)a; 
san"1c t, i n .  fro:" tdr'p'2.t 

Not d u c t  i IC 

D u c t i l e  

1 
l l g i i t l y  d u c t i l e  

Not ( t i l r  

Not duc t i l r  

I 

t 
l i g h t l y  ductile 

Not d u c t i l e  
but rreak 

Not d u c t i l e  
I I 

o t  d u c t i l e  (one 
of tiYo 20-hr 
samples  had 
l a r g e  " f o o t "  
on load -  
d e f l e c t i o n  
c u r v e )  
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Sample 
containing 

met a 11 i c 
magnesium, 

percent  
m e t a l l i c  

ma.gne s i m  

0.7 
c. 01 

Sample 
con ta in ing  

s i l v e r  , 
p e r c e n t  
s i l v e r  

0.070 

e .002 __ 

TABLE 11. - ANALYSES OF METALLIC 
DEPOSITS ON MAGNESIUM OXIDE 

Before f i r i n 6  
A f t e r  f i r i n g  

q h e s e  value: 
e r r o r .  

Sample 
conta in ing  

n i c k e l ,  
pe rcen t  
n i c k e l  

"0.058 

".075 

a r e  t h e  same wi th in  exper imenta l  
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(I? 

Figure 1. - Bending j i g .  
< 
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To vacuum pump 

Figure 2 .  - Vapor-plating appara tus .  
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0 ,0002 .OOO” .( 

c r y s t a j h ,  
eated 

2 

‘-Sin,Le crystal or 
corrpnrable size, 

l i  ,0020 .oo i .oo 
D e f l e c t i o n ,  i n .  

Figdre > ,  - T.,rplcal l o u d - d e f l e c t i o n  curves  f o r  bending of : l o l y c r y z t a l l i n e  and s i n ! ~ l e - c r y s t a l  
sodium c h l o r i d e .  

. 
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Deflect ion,  i n .  

Figure 4 .  - Effec t  of s i l v e r  on d u c t i l i t y  of sodium c h l o r i d e .  
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Untreated 

Thickness o 
d e p o s i t ,  
microns 

.5 

.003 
i n .  

34 .005 

Figure  5 .  - Effec t  of s t e a r i c  a c i d  on d u c t i l i t y  of sodium 
ch lo r ide  . 
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Deflect ion,  i n .  
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. 0 .c 

Untreated 

4 
- 

Figure  6 .  - Effec t  of Ca(N03)2 and water t r ea tmen t s  on 
d u c t i l j  t y  of sodium chlor ide .  
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I 
Irradiation 

t i m c  , 

I 
L t .  .0020 

20 

I 

D e f l e c t i o n ,  in. 

Figwre 7 .  - E f f s c t  of X-irradiatim on polycrystalline sodium chloride 
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